[1] We show that daily sunspot area can be used in a simple model to reconstruct daily variations in the total solar irradiance, S. The model assumes that all fluctuations in S are correlated with the emergence of sunspots on the solar disk. Cotemporal data for S and sunspot area are analysed to extract the finite impulse response function that describes the time evolution of S in response to a sunspot. The impulse response function clearly shows the evolution of a dark sunspot into a well-defined bright region which then spreads out and decays over a period of about 400 days. This function can be used to reconstruct S from the Greenwich daily sunspot area database, which extends from the late 1800's to the present. We find that the level of S at solar minimum has no long-term secular trend that is correlated with the level of sunspot activity. 
Introduction
[2] The total solar irradiance S is a fundamental measurement with implications for both solar physics and climate studies. Direct measurements of S from space began in late 1978 [Hoyt et al., 1992; Willson and Hudson, 1988] and have shown that variations in S are correlated with indices of solar magnetic activity Chapman et al., 1996] . Since sunspots have been observed for decades, a long record of solar activity exists, and efforts to model S using sunspot data are ongoing. Comparing S with a sunspot index such as sunspot area, we find that annual average variations of the two are broadly similar and several historical reconstructions of S have been made based on this correlation [Foukal and Lean, 1990; Lean et al., 1995; Solanki and Fligge, 1998 ]. However, daily variations of the two measurements are not linearly related. Empirical models of S that adequately reconstruct both its short-and long-term variations all require a minimum of two indices or proxies of solar magnetic activity [Lean, 2000] . While one of the proxies must be sensitive to the presence of sunspots on the solar disk, the other proxy must be sensitive to the component of S which is not directly attributable to sunspots. The two parameters most commonly used to model variations in S are sunspot darkening and facular brightening. An alternative parameterization of S in terms of continuum plus line radiation has also been shown to produce a reliable reconstruction of S [Preminger et al., 2002] .
[3] Since observations of the non-sunspot component of S are available only recently, two independent long-term observations are not generally available as parameters for the historical reconstruction of S. Attempts have been made to infer the non-sunspot component from a sunspot index. For example, Foukal and Lean [1990] and Lean et al. [1995] used a linear fit to model facular brightening from sunspot number, R z . Solanki and Fligge [1999] used a quadratic fit to model the facular brightening from R z . These fits are fairly good but the scatter in the individual points is large, so the models are better in an average sense than in a detailed one.
[4] In this paper we present a model for S based on a single proxy, the disk-integrated sunspot area, A s , which has been recorded regularly since 1874. The model assumes that all fluctuations in S are correlated with the emergence of sunspots on the solar disk. This model is different from previously published models not only because it uses a single proxy, but because it does not assume an instantaneous relationship between S and A s , nor does it assume that S is related linearly to A s with some suitable time delay (as suggested by Bachmann et al. [2004] ). Instead, changes in S are modelled as a response to the presence of sunspots, and the response is allowed to be a smooth function of time. The detailed response of S to changes in A s is evaluated over a time interval for which we have measurements of both. This response is assumed to be the same over longer time intervals, and therefore is used to reconstruct S over the entire time period for which measurements of A s are available.
Method
[5] Two observational data sets are used in this work. S is the composite total solar irradiance from 1978 to the present compiled by Frö hlich and Lean [1998] and Fröhlich [2004] . A s is the daily total sunspot disk area from 1874 to the present. A s is computed from the database of individual sunspot areas which is provided by the Royal Greenwich Observatory, the US Air Force and the National Oceanic and Atmospheric Administration. Gaps in the data sets are interpolated with a shape-preserving piecewise cubic interpolation which introduces some extra noise into the data but does not affect our results.
[6] Let S vary from its minimum level, S min , by an amount DS.
Here, S min is the minimum value of S over the interval 1978-2000, and is taken to be S min = 1365.4 Wm
À2
. Assume that DS is related to A s by convolution with a finite impulse response function (FIR), h(t): Thus we model DS as the response and A s as the stimulus of a physical system and assume that the properties of the system are linear and time invariant [Bracewell, 1965] . We can regard this assumption as being justified if we can find a function h(t) such that equation (1) is true and h(t) is nonzero over a time interval which is short compared to the length of the data sets used to compute it. We set out to find h(t) from cotemporal data for DS and A s . h(t) can then be used to reconstruct S for all time intervals for which A s is known.
[7] h(t) can be calculated using Fourier transforms. Let H(w) be the Fourier transform of h(t). Then
where F denotes the Fourier Transform.
[8] In practice, the calculation of h(t) is more complex because the data are noisy, and some effort is required to extract the signal. We evaluate h(t) by averaging over many data points and filtering out high frequency noise. Data from Nov 1978 to June 2000 are used. About 50 different sequences are selected from these data by slightly staggering the start and end dates of the sequences. Each data sequence includes about 7900 daily values, 21.6 years or about two solar cycles' worth. The sequence length is chosen to be an integral number of solar cycles to avoid introducing boundary problems when computing the Fast Fourier Transform. For the i'th sequence, H i (w) is computed from equation (2). Each H i (w) is transformed to give a h i (t), using equation (2). The h i (t) are averaged together to obtain the mean h(t) and the standard deviation of the mean. High frequency noise in h(t) is then removed by multiplication in the frequency domain with a cosinetapered window function which gradually attenuates the power at frequencies higher than w^(14 days) À1 and sets the power to zero for frequencies w^(7 days)
À1
. The resultant h(t) is shown in Figure 1 . The standard deviation of the mean is too small to see on this scale.
Analysis of h(t)
[9] The impulse response function, h(t), represents the average response of S to a sunspot. If we associate variations in S with the appearance and disappearance of active regions on the solar disk, then h(t) can be interpreted as showing the time evolution of active regions that include a sunspot. A s is always positive. Thus, negative values of h(t) correspond to times when the sunspot contribution to S dominates the total active region contribution, producing a reduction in S, while positive values correspond to times when bright regions dominate the active region. Strong peaks show rotational modulation of spatially concentrated active regions.
[10] Figure 2 shows the portion of h(t) close to t = 0. Vertical reference lines are drawn every 27 days, about one solar rotation apart. The dip at t = 0 shows the sharp negative contribution of the sunspot to DS when the sunspot first transits disk center. This dip is flanked by two peaks at t = ±6 days, which occur when the spot is at the limb. Thus there must be bright regions initially associated with the sunspot whose contribution to DS outweighs that of the sunspot when the active region is at the limb. At t % 27 days, h(t) shows a broad, possibly triple, peak, indicating that bright regions contribute more to DS than what remains of the sunspot, at disk center as well as at the limb. Subsequent peaks show that bright regions persist for at least five solar rotations after the sunspot disappears. The envelope of the peaks represents the approximate rate at which the bright signal decays. Assuming h(t) $ e Àt/t we find that t % 40 days. Note that the narrow dips at t = ±11 days are probably a ''ringing'' phenomenon caused by the removal of high frequency information.
[11] Figure 1 also shows h(t) after smoothing with a gaussian with FWHM of 81 days. This illustrates the long-term response of S to a sunspot. From t % 200 days to t % 400 days, the smoothed h(t) is positive but the peaks are spread out, less well defined and not in phase with the peak at t = 27 days. We conclude that the concentrated bright regions decay and spread out into bright network over a period of about 400 days. The smoothed h(t) is also positive from t % À400 days to t % À100 days. This broad feature is low amplitude but significant in that omitting this portion of h(t) results in a reconstructed irradiance for which the rise in a given solar cycle is too slow and too late. It implies that there are low intensity bright regions that appear spread out over the solar disk starting about one year prior to the emergence of a sunspot.
[12] Finally, Figure 1 shows that the smoothed h(t) is essentially zero for jtj > 400 days, so it is effectively much shorter than the length of the data sequences used to compute it. This is a robust result since we have enough data to be confident that h(t) is well-defined for jtj ] 2000 days. We conclude that h(t) represents a FIR and in Section 4, when reconstructing S, we further simplify h(t) by multiplying it in the time domain by a cosine-tapered window function which gradually attenuates h(t) starting at jtj^225 days and sets h(t) to zero for jtj^450 days. This step is equivalent to smoothing h(t) in the frequency domain.
Reconstructing the Total Solar Irradiance
[13] Since h(t) is assumed to be a stationary function, we can compute a reconstructed irradiance variation DS rec for all times for which A s is known.
A least squares fit to the observations is needed to recover the solar irradiance in the absence of sunspots, S 0 :
where S 0 and a are the fit parameters. For a fit to data from 1978 to 2000 we obtain S 0 = 1365.53 Wm À2 , a = 1.004 and R 2 = 0.78. Note that a is essentially unity, so we recover D S to within an additive constant when we use the portion of h(t) for jtj ] 400 days. Figure 3 shows the observed and reconstructed total solar irradiance. The residual (S minus S rec aDS rec + S 0 ) is also shown as well as the residual smoothed with a 181-day running mean. Figure 4 shows a scatter plot of S vs. A s and S vs. S rec and clearly demonstrates that S rec is linearly proportional to S even though A s is not.
[14] Note that the irradiance residual in Figure 3 is almost flat in cycles 21 and 22. During these 22 years, the model assumptions that the variability of S is correlated with sunspot activity and that h(t) is a stationary function describing that correlation, are justified. The irradiance residual is slightly positive in cycle 23, which means that the properties of cycle 23 may be slightly different from those of cycles 21 and 22. Nevertheless, the model accounts for 85% of the maximum level of S in cycle 23, and the residual returns to zero towards the end of this cycle. It therefore seems reasonable to conclude that h(t) has been approximately stationary over the last 25 years. An extrapolation of the model back to 1874 requires the additional assumption that h(t) has been invariant over the last 100 years.
[15] As we have noted in Section 3, h(t) is positive on average for À400 < t < À100, which causes S rec to start rising well before the sunspot area increases significantly. Figure 5 shows the contribution to DS of A s convolved with . The contribution to DS rec of A s convolved with the portion of h(t) for t < À30 days and for t > À30 days. The former describes the irradiance contribution of bright (ephemeral?) regions which emerge prior to sunspots. The sum of both contributions gives the reconstruction shown in Figures 3 and 6. the portion of h(t) for t < À30 days. It seems plausible that this component of DS may be attributed to ephemeral regions whose emergence precedes that of sunspots in a given active region. Martin and Harvey [1979] showed that a minimum in the number of ephemeral regions occurs at least one year prior to sunspot minimum and that the rise of magnetic flux in solar cycle 21 was primarily due to the emergence of ephemeral regions. Note that even though ephemeral regions are very short-lived, their collective contribution could influence DS. Figure 5 shows the contribution to DS rec of the portion of h(t) for t < À30 days, and for t > À30 days.
[16] Figure 6 shows the historical reconstruction S rec from 1874 to present, also available as a data supplement to this paper. 1 We note that there is little long-term trend in the level of S rec at solar minimum. In our model the level of the minima of S rec has little secular trend because that of A s has none and h(t) is no more than three years wide. The fact that h(t) turns out to be so narrow means that there is no underlying secular trend in S that can be correlated with sunspot activity between 1978 and 2000. A broader h(t) would produce such a trend because convolving A s with a broader function would introduce more smoothing and the changing heights of the cycles would then affect the minima of S rec . Lean et al. [1995] suggested that a solar irradiance component with a long term secular trend might exist and estimated the magnitude of that component by assuming that it tracks the overall level of solar activity. We find that the data do not support such an assumption. The result that h(t) is a relatively narrow function is independent of the particular irradiance composite used to compute h(t) from extant data. If we use the ACRIM composite compiled by Willson and Mordvinov [2003] , which shows an underlying secular irradiance trend, and repeat our analysis, we obtain an h(t) that is almost identical to the h(t) shown in this paper. Our model cannot reproduce the secular trend evident in the ACRIM composite. Thus we conclude that if this trend is real, it is unrelated to sunspot activity.
Summary and Discussion
[17] This method is a new approach to modelling S. The model is based on a single proxy, A s , and does not assume that an instantaneous relationship between S and A s exists. Instead, we model DS mathematically as the response of a system to the perturbation A s . Using data from 1978 to 2000, we evaluate the finite impulse response function, h(t), that describes this response. h(t) is well-defined, and is short compared to the data set used to compute it. Since h(t) is assumed to be a stationary function, it is used to compute DS from A s since 1874.
[18] This model not only reproduces observations of S but also captures a physical process on the sun. h(t) can be thought of as representing the physical evolution of active regions. It implies that dark sunspots with large, concentrated magnetic fields decay into diffuse bright regions whose contribution to S is positive. h(t) also shows that there is a brightening of the solar disk prior to the appearance of a sunspot. We suggest that this may be attributed to the emergence of ephemeral regions. Their contribution leads to a phase shift between the rise of the solar irradiance and that of sunspot area at the beginning of a solar cycle, a phenomenon which has been documented [Fox, 2004] .
[19] h(t) is not more than three years wide. This means that there is little long-term secular trend in the level of DS rec at solar minimum. Note that h(t) includes all the information one can extract from presently available data regarding the portion of the irradiance variation which is related to sunspots. If an additional secular trend in solar irradiance does exist, it does not appear to be correlated with the presence of sunspots on the solar disk.
[20] This new modelling technique can also be used for historical reconstructions of spectral solar irradiance and total solar magnetic flux from sunspot areas. This work is in preparation.
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